The effect of post-weld heat treatment (PWHT) on the microstructure and mechanical properties of ultrasonic spot welded Cu/Al dissimilar joints was studied in this paper. PWHT was performed for 1 h at four different temperatures of 200°C, 300°C, 400°C and 500°C, respectively. The microstructure and mechanical properties of joints were investigated by SEM, EDS, X-ray diffractometer, Microhardness tester and Universal testing machine, respectively. Results showed that no obvious intermetallic (IMC) layer was found at the as-welded joint and joint after PWHT at 200°C. But relatively higher shear strength of 2.458 KN was obtained when the temperature of PWHT was 200°C. As the temperature of PWHT exceeded 300°C, the shear strength of joints reduced obviously, due to the formation of brittle Al-Cu IMC layer. However, when the joint was subjected to PWHT at 500°C, maximum shear strength of 3.138 KN was acquired resulted from the increase of the bonded area, though large numbers of cracks were found at the Cu/Al interface. Besides, obvious grain boundary penetration occurred on the Al base metal adjacent to the Cu/Al interface when the joint after PWHT at 500°C. The micro-hardness at the Cu/Al interface was significantly higher than that of the Cu or Al base metal. With the temperature of PWHT increasing, the micro-hardness decreased both in Cu and Al base metals, but increased significantly at the Cu/Al interface. Fracture mode of joints, both as-welded and after PWHT, were the mixed-mode of ductile and brittle fractures.
Introduction
With the development of economy, the problem of copper (Cu) resource consumption has become more and more serious, and the demand for efficient use of Cu resources has become particularly prominent. 1, 2) In order to alleviate the shortage of Cu resource on production as much as possible, the imperative task is to find alternative material for Cu. Aluminum alloy (Al) performs well in the respects of thermal conduction, conductivity, corrosion resistance and processability. It also has advantage of small density and low cost. Therefore, Al can replace Cu and meet actual requirements in some fields, such as cell phone battery, air-conditioning condenser pipe, and so on. 3, 4) Statistical data show that the application of Cu/Al joints account for 5.8% of the dissimilar metal joints in the 21st Century. 5) Therefore, more attention has been paid to methods of Cu/ Al connection.
Currently, the connection of dissimilar materials like Cu and Al can be achieved by mechanical connection, laser welding, explosive welding, ultrasonic welding and so on. [6] [7] [8] For the mechanical connection, the electrical and thermal conductivity of Cu/Al joint will be seriously reduced, which is difficult to meet actual needs. It is a big problem that the formation of brittle intermetallic compounds (IMCs) which makes it difficult to get high quality joints during fusion welding. 9, 10) Therefore, the Cu/Al joints are mainly produced by use of ultrasonic welding now.
High power ultrasonic spot welding (HPUSW) is a solidstate hybrid manufacturing process that uses high-frequency ultrasonic vibration to connect similar or dissimilar materials.
11) The machine of HPUSW does not send current or high temperature to the specimens during the process of ultrasonic welding. Only the vibration energy is converted into deformation energy and infinite temperature rises. Compared with other welding methods, HPUSW has many advantages, such as low requirement for specimen surface, short welding time, high efficiency, and so on.
In the field of Cu/Al ultrasonic welding, most researchers have focused on impact of parameters and interlayer on the microstructure and properties of the joint. [12] [13] [14] However, effect of PWHT on the formation of joints has rarely mentioned. This paper mainly studied the effect of different temperature of PWHT on the microstructure and mechanical properties of the joint, hoping to provide necessary theoretical basis and technical support to the actual production of Cu/Al ultrasonic welding. Table 1 ) and T2 Cu plates (composition in wt.%: 99.99Cu) with a thickness of 1 mm were used in this work, and the dimension of plates was 25 mm long and 25 mm wide. The faying surfaces were ground with a 600 grid sandpaper and both of the base materials were cleaned with ethanol for ten minutes using an ultrasonic cleaner and dried before welding. A dual reed 3 kW Viper-20 ultrasonic welding system operating at 20.11 kHz was employed in this study, and the sonotrode tip with dimension of 5.2 mm × 7.8 mm, as shown in Fig. 1 .
Experimental Work

6082-T6 aluminum plates (see
The lap joint with the Cu plate positioned on top of the Al plate was adopted in the welding process. The overlapped space was 20 mm, as shown in Fig. 2 . The welding energy was 1 400 J, the amplitude was 9.5 μm, and the static pressure was 0.4 MPa.
After welding, PWHT was applied using a KTF series tube type vacuum resistance furnace with of the predetermined heating rate 10°C/min. The furnace was evacuated to vacuum, and then filled with flowing Ar for protection before PWHT. The temperatures of PWHT were 200°C, 300°C, 400°C and 500°C, and the holding time was 1 h, then the joint was cooled to room temperature in the furnace.
The microstructure and component of the joint were observed by Optical Microscope, Scanning Electron Microscope and Energy Scattering Spectrometer, respectively. Meanwhile, the microhardness tester was selected to measure the micro-hardness of the joint using a load of 100 gf with a 10 s dwell time. The X-ray diffractometer was used to detect the phase composition of the joint. The electrohydraulic servo test system was used to test the lap shear strength of the joint with the help of a fixture shown in Fig.  3 , and the test was carried out in air at room temperature with a constant speed of 1 mm/min. Each joint was tested three times, and the average value was taken as the shear strength of the joint. Fig. 4(a) ; (f) The micro-area X-ray diffraction of the region D in Fig. 4(a) .
terns when the sonotrode tip fully penetrated the specimen during welding. Another feature observed in the joint was the swirls at the Cu/Al interface, which has the potential to increase the lap shear strength due to the localized interlocking of the two metals. This was mainly attributed to the plastic flow of the base metals. Due to the high frequency vibration at the Cu/Al interface, large amount of frictional heat was generated, which caused an increase in temperature near the Cu/Al interface, and the metal there would soften. The softened Cu plate below the sonotrode tip was forced to flow into the Al base metal under the compression of the sonotrode tip when the sonotrode tip fully penetrated into the Cu plate. And the softened Al plate between the sonotrode tips simultaneously was subjected to intensive compression, causing it flowed towards the softened area, and eventually flowed into the Cu plate. Thus, the swirls formed at the Cu/Al interface. Moreover, many weld islands were observed at the Cu/Al interface, as shown in Fig. 4 
(b).
Since the high frequency ultrasonic vibration would lead to high frequency shear stress as shown by the horizontal arrows in Fig. 4 (d), parts of flowing metal were broken up by the high frequency shear stress forming the weld islands. Figure 4 (c) shows the macro-fracture of the as-welded joint. It can be found that the bonded areas marked as B were not only located below the sonotrode tips, but covered areas between two sonotrode tips parallel to the vibration direction. The other areas marked as A between the sonotrode tips was not bonded. This was probably because of different forces acted on the Cu/Al interface. Through the pressure analysis of the specimen by using ABAQUS finite element software, it can be found that the static pressure in region B was much bigger than that of in region A, as shown in Fig. 5 . The frictional force was proportional to static pressure, so both the frictional force and the corresponding frictional heat in region B would be bigger than that of in region A. In addition, except for static pressure, areas between two sonotrode tips parallel to the vibration direction would bear extrusion force from the tips due to the vibration. Metals here yielded plastic deformation, which also produced compression heat. The oxide film in region B was broken under both action of frictional heat and compression heat, and the metals were connected effectively. However, the region A was perpendicular to the vibration direction, and the static pressure always kept at a low level, so the oxide film cannot be broken. The existence of oxide film weakened the inter-diffusion between Cu and Al base metals and the effective connection cannot be formed.
In addition, the micro-area X-ray diffraction analysis was performed in region C and D, and the results were shown in Figs. 4(e) and 4(f), respectively. It can be found that the phases in the as-welded joint were Al and Cu solid solutions, and the Al-Cu IMC was not detected, which indicated that no obvious reaction between Al and Cu took place at the interface. Some scholars 15, 16) also pointed out no Al-Cu IMC was formed at the Cu/Al interface when the welding energy was 1 500 J.
Microstructure of Joints After PWHT at Different
Temperature When the PWHT was carried out at 200°C, no reaction layer was found at the Cu/Al interface, as shown in Fig.  6(a) . Figure 6 (e) was the result of the EDS line scan along the solid line marked in Fig. 6(a) . The composition distribution of Al and Cu had a sharp change across the Cu/Al interface, which also indicated that there was no obvious reaction layer at Cu/Al interface. However, the weak diffraction peak of Al 2 Cu was detected in X-ray diffraction pattern of the Cu/Al interface (the test position as shown in region D of Fig. 4(a) ), as shown in Fig. 6(g) , which means that, although continuous reaction layer of IMC was not observed at the interface, Al 2 Cu IMC with a dispersive or discontinuous distribution was formed. Pretorius. R 17) indicated that Al 2 Cu was the first IMC formed at the Cu/Al interface. They combined the change of systematic free energy with the elements concentration in the interface reaction, and putted forward the theory of effective heat of formation (EHF). According to the theory of EHF, Al 2 Cu has the highest absolute value, so the Al 2 Cu phase was assumed to be the first IMC to be generated at the interface. The formation of Al 2 Cu IMC could be attributed to the intensified atomic diffusion at 200°C. Moreover, the formation of the Al 2 Cu IMC at the Cu/Al interface could increase the metallurgy bonding of the joint. Figure 6 (b) shows the morphology of the joint after PWHT at 300°C. It can be seen that an obvious IMC layer appears at the Cu/Al interface. And the chemical composition at point 1 on the reaction layer was (in at%) 72.95Al-27.05Cu (see Table 2 for a summary of points scanned as indicated in Figs. 6(b)-6(d) ). According to the ratio of Al to Cu and the binary phase diagram of Al and Cu, the microstructure of this layer could be defined as Al 2 Cu. Thus, it can be concluded that Al 2 Cu IMC layer was formed at the Cu/Al interface.
When the temperature of PWHT reached 400°C, the IMC layer at the Cu/Al interface changed from single IMC layer into three IMC layers, as shown in Fig. 6(c) . An EDS line scan was conducted along the white solid line marked in Fig. 6(c) . According to the EDS line scan result (Fig. 6(f) ), it can be seen that the contents of Al and Cu were various in different layers. Further EDS point analysis scan and microarea X-ray diffraction analysis were preformed, and the test position as shown in region D of Fig. 4(a) , the results were shown in Table 2 and Fig. 6(h) , respectively. The chemical composition at point 2 near Cu base metal was (in at%) 40.62Al-59.38Cu, which suggested the formation of Al 4 Cu 9 . Simultaneously, the chemical composition at point 4 near Al base metal was (in at%) 70.51Al-29.49Cu, which could be regarded as the proof of the formation of Al 2 Cu. The chemical composition of point 3, between Al 4 Cu 9 layer and Al 2 Cu layer, was (in at%) 47.35Al-52.65Cu, clearly suggesting the formation of AlCu. In addition, Al and Cu solid solution, Al 2 Cu, Al 4 Cu 9 and AlCu compounds were detected in the joint by X-ray diffraction, which can further prove the formation of Al 2 Cu, Al 4 Cu 9 , and AlCu IMC layers in the joint. Guo Yajie 18) also indicated that the Al 4 Cu 9 phase has the largest driving force of free energy, so it is most likely to appear as a second phase next to Al 2 Cu phase. Therefore, the IMCs were formed in the order of Al 2 Cu, Al 4 Cu 9 and AlCu.
When the temperature reached 500°C, three IMC layers can also be found at the Cu/Al interface, as shown in Fig.  6(d) . EDS point analysis scan was performed, and results were shown in Table 2 . According to the analysis result of point 5, 6, and 7, formation of Al 4 Cu 9 , AlCu, and Al 2 Cu IMCs could be deduced, respectively. The microstructure at the Cu/Al interface was same as that of at 400°C, except that the width of the IMC layers at 500°C increased obviously. Besides, some cracks were observed between Cu and the Al 4 Cu 9 IMC layer, and grain boundary penetration on Al base metal near the Cu/Al interface can be observed, as shown in Fig. 6(d) . The presence of the cracks in the joint can be attributed to two main reasons. First, there is big difference in the linear expansion coefficient between Al 4 Cu 9 and Cu, and greater internal stress was remained during the cooling process. Second, Al 4 Cu 9 is a brittle phase, which appears easily crack when subjected to internal stress. For the behaviors of grain boundary penetration, it is mainly because the diffusion rate of Cu in Al is much faster than the diffusion rate of Al in Cu, 19, 20) and the Cu atom will preferentially spread along the grain boundary, since the required activation energy is lower than body diffusion. Thus, a large number of Cu atoms migrated to the grain boundary on Al base metal during PWHT. In addition, the free energy at the Cu/Al interface increased when large amounts of Cu atoms diffused into Al plate due to the higher chemical potential of the Cu and Al atoms. And the diffusion reaction between Cu atoms and Al atoms can reduce the free energy of the system. Moreover, the higher temperature makes the diffusion speed increase. Therefore, a large amount of Al-Cu IMC formed in the region of grain boundary permeation. In order to confirm the phase in the region of grain boundary penetration, the EDS point scan was performed at point 8. The chemical composition at this point was (in at%) 67.94Al-32.06Cu. Base on the ratio of Al to Cu atomic composition, the IMC formed could be defined as Al 2 Cu.
It was also found that the bonded areas of joints after different temperature of PWHT were different, as shown in Fig. 7 . With the temperature of PWHT increased from 200°C to 400°C, the bonded area almost remained the same. However, when the temperature of PWHT reached 500°C, Due to the diffusion reaction, the bonded areas not only located in the zone below the sonotrode tip, but distributed in other overlapped area. What's more, the microstructure formed at different temperature of PWHT were also different. In the as-welded joint and the joint after PWHT at 200°C, no continuous Al-Cu IMC layer was observed at the Cu/Al interface. However, when the temperature of PWHT reached 300°C or even more, obvious continuous Al-Cu IMC layers were observed at the Cu/Al interface. And with the increasing of the temperature of PWHT, the thickness of the Al-Cu IMC layers also increased. These differences of the microstructure would certainly affect the mechanical properties of joints. Figure 8 illustrates the micro-hardness profile of the as-welded joint and joints with PWHT at different temperature, and the micro-hardness were measured along the black line marked in the joint cross section in Fig. 8 . It can be seen that the micro-hardness at the Cu/Al interface was significantly higher than that of the Cu and Al base metals. That was due to the formation of Al-Cu IMC at the Cu/Al interface. In addition, as the temperature of PWHT increased, the micro-hardness of the Cu and Al base metals significantly reduced. However, the micro-hardness at the Cu/Al interface significantly increased. It can be reasoned that as the temperature of PWHT increased, grain growth occurred, causing a decrease in micro-hardness in Cu and Al base metals. The higher temperature of PWHT, the greater the grain size and the smaller the micro-hardness would be. Besides, the diffusion rate of Cu and Al atoms at the Cu/Al interface increased significantly with the increased temperature of PWHT. Thus, when the temperature of PWHT reached 300°C, Al 2 Cu IMC formed at the Cu/Al interface. When the temperature of PWHT exceeded 300°C, more IMCs formed, such as AlCu and Al 4 Cu 9 . Moreover, the width of the IMC layers also increased significantly when the temperature increased. Therefore, the microhardness increased obviously at the Cu/Al interface with the increased of temperature of PWHT due to the formation of IMCs with greater hardness. Fig. 8 . Micro-hardness profile of the joints. Figure 9 shows the changing trend of shear strength for as-welded joint and joints with different PWHT temperature. For all the joints, relatively higher shear strength of 2.458 KN was obtained when the temperature of PWHT was 200°C, which increased by 18% compared with that of the joint without PWHT. It is mainly because of the formation of Al 2 Cu that further increased the metallurgical bonding of the joint in a certain extent. When the temperature of PWHT reached 300°C and 400°C, the shear strength of the joints reduced severely. This can be attributed to the formation of IMC layers with a certain thickness. With the increasing of temperature, the diffusion rate of Cu and Al atoms at the Cu/Al interface increased significantly, which promoted the formation of continuous brittle IMC layers, such as Al 2 Cu, AlCu and Al 4 Cu 9 . And as the temperature of PWHT increased, the thickness of the continuous brittle IMC layers also increased, which further deteriorated the mechanical property of the joint. However, the maximum shear strength of 3.138 KN was acquired when the joint after PWHT at 500°C. This is mainly because of the diffusion reaction at the unbounded Cu/Al interface. Thus, the zone, which unbounded in joints after PWHT at 200°C and 300°C, combined well, as shown in Fig. 7 . That is, the bonding zone was not only localized in the zone below the sonotrode tip, but also distributed in other overlapped area. Therefore, although large numbers of cracks appeared in the joint, the shear strength of joints increased.
Micro-hardness
Lap Shear Test
Fracture Analysis
The fracture morphology of the as-welded joint and the joint after PWHT at 200°C were similar with Figs. 10(a) and 10(b), and the fracture morphology of joints after PWHT above 200°C were similar with Figs. 10(c) and 10(d). It can be seen that all the fracture surfaces were relatively flatter, and some cleavage planes and tearing edges can be observed at the fracture surface. Small quantity of dimples can also be observed in the fracture surface of the as-welded joint and the joint after PWHT at 200° C. But when the temperature of PWHT exceed 200°C, the dimples disappeared. Therefore, it can be concluded that the fracture form of joints were the mixed-mode of ductile and brittle fractures, and with the increase of the temperature of PWHT, the trend of brittle fracture increases. This may be the effect of Al-Cu IMC.
In addition, in order to confirm the position of the joint fracture, EDS point analysis scan and X-ray diffraction analysis were performed in the fracture surface of the aswelded joint and the joint after PWHT at 500°C, the results were shown in Table 3 and Fig. 11 . Only Al was detected at point 10 and 12, and both Al and Cu were detected at point 9 and point 11. Besides, it can be seen from X-ray diffraction analysis (Fig. 11 ) that Al and Cu solid solutions were detected both in the fracture of Al and Cu sides of the aswelded joint. In the joint after PWHT at 500°C, whether in the fracture of Al side or Cu side, Al solid solution, Cu solid solution and many Al-Cu IMCs, such as Al 2 Cu, Al 4 Cu 9 and AlCu, were detected. In addition, it can be seen from Fig. 7 that Al was torn and attached to the Cu side. Therefore, it can be indicated that the fracture of joints was mainly concentrated in the Al base metal near the Cu/Al interface, and also part of the fracture was broken at Al-Cu diffusion layer.
Conclusions
(1) In the as-welded joint, many swirls were observed at the Cu/Al interface, which has the potential to increase the lap shear strength due to the localized interlocking of the two metals. Besides, many weld islands also observed near the Cu/Al interface, and no Al-Cu IMC was detected at the Cu/Al interface.
(2) When 200°C was selected for PWHT, Al 2 Cu IMC with a dispersive or discontinuous distribution was formed. With the temperature of PWHT increasing to 300°C, the continuous Al 2 Cu IMC layer can be found at the Cu/Al interface. As the temperature reached 400°C and 500°C, there were three IMC layers appeared at the Cu/Al interface, which were Al 2 Cu, Al 4 Cu 9 and AlCu.
(3) The micro-hardness at the Cu/Al interface was significantly higher than that of the Cu or Al base metals. With the increasing of the temperature of PWHT, the microhardness decreased in Cu and Al base metals, but increased significantly at the Cu/Al interface.
(4) Compared with the as-welded joint, relatively higher shear strength of 2.458 KN was obtained due to the formation of dispersed Al 2 Cu when the temperature of PWHT was 200°C. The maximum shear strength of 3.138 KN was acquired resulted from the increase of the bonded area when the temperature of PWHT was 500°C. 
